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Worldwide, hantaviruses cause more than 100,000 human infections annually. Rapid and accurate methods

are important both in monitoring acute infections and for epidemiological studies. We and others have shown
that the amino termini of hantavirus nucleocapsid proteins (Ns) are sensitive tools for the detection of specific
antibodies in hantavirus disease. Accordingly, we expressed truncated Ns (amino acids 1 to 117) in Escherichia
coli from the five hantaviruses known to be pathogenic to man; Hantaan (HTN), Seoul (SEO), Dobrava (DOB),
Sin Nombre (SN), and Puumala (PUU) viruses. In order to obtain pure antigens for use in an enzyme-linked
immunosorbent assay (ELISA), the recombinant proteins were purified by polyhistidine-metal chelate affinity
chromatography. Polyclonal animal antisera and a panel of serum specimens from hantavirus-infected indi-
viduals from Scandinavia, Slovenia, Russia, Korea, China, and the United States were used to evaluate the
usefulness of the method. With both human and animal sera, it was possible to designate the antibody response
into two groups: those with HTN, SEO, and DOB virus reactivity on the one hand and those with SN and PUU
virus reactivity on the other. In sera from Scandinavia, European Russia, and the United States, the antibody
response was directed mainly to the PUU and SN virus group. The sera from Asia reacted almost exclusively
with the HTN, SEO, and DOB types of viruses. This was true for both the immunoglobulin M (IgM) and IgG
antibody responses, indicating that this type of discrimination can be done during the acute phase of hanta-
virus infections. Both the HTN, SEO, and DOB virus and the PUU and SN virus types of antibody response

patterns were found in patients from the Balkan region (Slovenia).

Hantaviruses, which belong to the family Bunyaviridae, cause
two distinct, severe human infections; hemorrhagic fever with
renal syndrome (HFRS) and hantavirus pulmonary syndrome
(HPS) (21, 32). HFRS is characterized by fever, renal dysfunc-
tion, and hemostatic imbalance (9, 39). More than 100,000
cases are reported annually (30). Four HFRS-associated han-
taviruses have been described. Hantaan (HTN) virus causes
severe HFRS in Asia (23). Seoul (SEO) virus, reported to
cause moderately severe HFRS, is linked to urban rats and
therefore is potentially found all over the world (22). Dobrava
(DOB) virus, which was isolated on the Balkan Peninsula, has
been found to be an important cause of the more severe type
of HFRS in this region (4, 4a, 31a). Puumala (PUU) virus, the
cause of a milder form of the disease (nephropathia epidemica
[NE]), is found in Scandinavia, western Russia, the Balkan
region, and several central European countries (5, 24). The
mortality rate from infections caused by HTN virus is reported
to be 3 to 10%. For SEO viruses this figure is substantially
lower (~1%), whereas for PUU virus infection it is approxi-

* Corresponding author. Mailing address: Department of Virology,
Umead University, S-901 85 Umed, Sweden. Phone: 46-90-785 13 06.
Fax: 46-90-12 99 05. E-mail: Fredrik.Elgh@climi.umu.se.

1122

mately 0.2% (30, 39). HPS, a recently discovered disease entity
in the Americas, involves adult respiratory distress syndrome
with a high mortality rate (~50%) and is caused by Sin Nom-
bre (SN) virus and related agents (10, 32).

The hantaviruses are 90 to 120 nm in size and enveloped and
have a tripartite, negative-stranded RNA genome which en-
codes an RNA-dependent RNA polymerase, two envelope gly-
coproteins (G1 and G2), and a nucleocapsid protein (N) (30).
Rodents are the natural reservoirs of hantaviruses, and trans-
mission to humans is believed to occur mainly via aerosolized
animal excreta (30). The principal rodent hosts for HTN, SEO,
PUU, DOB, and SN viruses are Apodemus agrarius, Rattus
norvegicus, Clethrionomys glareolus, Apodemus flavicollis, and
Peromyscus maniculatus, respectively (4-6, 17, 23).

The clinical diagnosis of hantavirus infections has routinely
been confirmed by immunofluorescence antibody assay (IFA)
or enzyme-linked immunosorbent assay (ELISA) with native
viral antigens (24, 34, 35). Due to the hazardous nature of
hantaviruses, their slow replication, and low and variable yield
in cell culture, recombinant hantavirus proteins have been
produced for use as antigens in serological assays (13, 14, 18,
19, 43-45). Hantavirus N elicits a strong humoral immune
response in infected patients and immunized animals (11-13,
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FIG. 1. (a) Schematic representation of the 433-aa hantavirus N compared to
the 117-aa rNA proteins. (b) Schematic representation of the E. coli-produced
hantavirus rfNA with the amino-terminal histidine tag (6X His) and the T7 tag
MAD epitope (T7 tag).

27, 31, 40). High levels of immunoglobulin M (IgM) antibody
to the PUU virus N have been detected at the onset of NE,
which indicates that it is suitable as the sole antigen for sero-
diagnosis (11, 13, 27). We and others have shown that the
major humoral response to hantavirus N resides within the
amino-terminal portion of the protein (12, 18, 28, 31).

In this work we present the efficacy of an ELISA for the
serological diagnosis of hantavirus infections occurring on the
Eurasian and American continents. The ELISA is based on
Escherichia coli expressed amino-terminal recombinant Ns
(rNs) from five different viral serotypes pathogenic for hu-
mans.

MATERIALS AND METHODS

Cloning of amino-terminal hantavirus open reading frames and construction
of expression vectors. Primers, designed according to previously published gene
sequences, were used to amplify hantavirus HTN virus strain 76/118-, SEO virus
strain SR-11-, DOB virus strain 3970-, SN virus strain CC107-, and PUU virus
strain Sotkamo-specific cDNAs. These primers covered the nucleotide sequences
encoding amino acids (aa’s) 1 to 117 of their Ns (hantavirus-specific primer pairs
were as follows: for HTN virus, ATGGCAACTATGGAGGAATTACAGA and
TGCTGTCTGTCCTGTAGGTTCATCAAT; for SEO virus, ATGGCAACTA
TGGAAGAAATCCAGA and AGCTGTCTGTCCTGTAGGTTCATCAAT;
for DOB virus, ATGGCAACATTAGAGGAACTCCAAA and TGCAGTTTG
CCCTGTAGGTTCATC; for SN virus, ATGAGCACCCTCAAAGAAGTGC
AAG and AGCAGTCTGACCACTCGGCTCTTGC; and for PUU virus, ATGA
GTGACTTGACAGATATCCAAG and TGC TGTTTGGCCACTTGGTTCT
TC) (1, 3, 25, 38, 42) (Fig. 1a). The primer design included the addition of
endonuclease restriction sites in the ends of amplimers to facilitate cloning into
the pRSETA polyhistidine fusion protein E. coli expression vector (R&D Sys-
tems Europe Ltd., Oxford, United Kingdom). The fusion proteins expressed by
this vector contain six amino-terminal histidine residues for convenient affinity
purification and an 11-aa epitope (encoded by the bacteriophage T7 gene 10) for
specific monoclonal antibody (T7 tag MAb; Novagen Inc., Madison, Wis.) de-
tection of the expressed protein (Fig. 1b).

Genetic characterization of expression vector-insert junctions. Expression
vectors and inserts were analyzed with appropriate restriction endonucleases
(Boehringer Mannheim GmbH, Mannheim, Germany) and by DNA sequencing
(Pharmacia ALF and T7 sequencing kit; Pharmacia Biotech Norden AB, Sol-
lentuna, Sweden).

Expression and purification of truncated rNs. Expression of the plasmid
constructs transformed into E. coli BL21(DE3) (Novagen) was induced by the
addition of 1.0 mM isopropyl B-D-thiogalactopyranoside at an optical density at
600 nm of 0.7. Cultures were then allowed to grow for 3 h at 37°C. The proteins
were harvested by mild lysis of the induced cells (250 pg of lysozyme per ml, 1.25
mg of deoxycholate per ml, 10 pg of RNase A per ml, 5 ug of DNase I per ml),
the lysed cells were centrifuged at 10,000 X g, and thereafter, supernatants
containing recombinant protein were recovered. Expressed polyhistidine-con-
taining fusion proteins were then affinity purified over a chromatography column
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containing Ni>* (QIAGEN, GmbH, Hilden, Germany). The recombinant pro-
teins were purified under denaturing conditions by using a buffer containing 0.1
M NaH,PO, and 8 M urea with decreasing pH in three steps. Eluates were
analyzed by separation by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis with 15% polyacrylamide gels (Fig. 2). Affinity-purified truncated
N (rNA) fusion proteins were stored at —20°C in the final elution buffer. Protein
concentrations of the antigen preparations were measured by a Coomassie bril-
liant Blue G-250-based colorimetric assay (Bio-Rad Laboratories, Hercules, Cal-
if.).

Animal sera. Antisera to HTN virus (strain 76/118 [23]), SEO virus (strain
80/39 [22]), and PUU virus (strain K-27 [40]) were produced by a single intra-
muscular inoculation of New Zealand White rabbits with cell culture-propagated
viruses (37). Antiserum to DOB virus (strain 3970 [4]) was produced by intra-
nasal inoculation of New Zealand White rabbits as described previously for
chinchilla rabbits (33), and serum was collected 2 months after infection. A rabbit
polyclonal rN antiserum was raised by intramuscular immunization of 200 pg of
an SDS-polyacrylamide gel-purified PUU virus Sotkamo rN in Freund’s com-
plete adjuvant. Two booster injections with the same antigen dose were given at
1 and 3 months postimmunization. Polyclonal mouse anti-SN virus 3H226 rN
serum was raised by immunizing animals three times with full-length rN (mal-
tose-binding fusion protein expressed in E. coli) and mouse polyclonal anti-PUU
virus Sotkamo rN serum by immunizing animals three times with full-length rN
(10a, 16).

Sera from subjects with HFRS and HPS. Sera from immune individuals or
patients with acute HFRS or HPS infection were obtained from Sweden (n =
206), Norway (n = 21), Finland (n = 18), western Russia (Samara region) (n =
49), Slovenia (n = 46), Korea (n = 10), China (n = 17), and the United States
(New Mexico and Arizona) (n = 13).

Control sera. Sera that did not reveal IgG reactivity in the PUU virus IFA
were collected from 52 healthy blood donors and 48 patients suffering from acute
viral infections other than HFRS or HPS (i.e., Epstein-Barr virus, cytomegalo-
virus, and adenovirus infections).

rNA ELISA. Microtiter plates (Maxisorp; Nunc, Roskilde, Denmark) were
coated with 0.2 pg of hantavirus antigen per well, and the plates were incubated
overnight at room temperature. Each of the five recombinant hantavirus antigens
was diluted in carbonate buffer (pH 9.6). The five antigens were coated in
separate columns so that all five antigens and controls containing only coating
buffer were present on the same ELISA plate. The fusion proteins expressed by
pRSETA contain an 11-aa T7 tag MAD epitope (Novagen) (Fig. 1). This epitope
was used to determine the relative number of epitopes present in the five
hantavirus rNA antigen preparations. By using chessboard titrations of the rNA
antigens and the T7 tag MADb, it was then possible to achieve similar amounts of
the different hantavirus rNA antigens in the ELISA wells of the ELISA plates.
The plates were washed in deionized water and were then blocked with phos-
phate-buffered saline (PBS) containing 0.1% Tween 20 and 4% defatted milk
powder for 30 min at room temperature. After the plates were washed in
deionized water, 100 pl of serum (diluted 1/400 in PBS with 0.1% Tween 20, 2%
defatted milk powder, and E. coli antigen extract [20 pg/ml]) was added and the
plates were incubated at 37°C for 1 h. Each serum sample was tested in duplicate
wells containing all five hantavirus antigens and control wells containing no
antigen. The control wells were included as a monitor for nonspecific activity.
After four washes in deionized water, either horseradish peroxidase (HRP)-
conjugated goat anti-human IgG (catalog no. A-6029; Sigma) at a dilution of
1/10,000 or HRP-conjugated goat F(ab'), fragment anti-human IgM (catalog no.
A-4290; Sigma) at a dilution of 1/5,000 in serum dilution buffer was added to
each well, and the plate was incubated at 37°C for 1 h. After four washes in
deionized water and 15 min of incubation with 100 pl of substrate, tetrameth-
ylbenzidine (TMBLUE; ANL-produkter, Stockholm, Sweden), the reaction was
stopped with 50 ul of 1 M H,SO,. Antibody activity was expressed in arbitrary
units (AU) as the net absorbance at 450 nm (i.e., absorbance of antigen-sensi-
tized well — absorbance of control well) divided by the mean net absorbance of
two positive control wells and then multiplied by a factor of 100. Serum samples
were pretreated with rheumatoid factor (RF)-absorbent (Behringwerke AG,
Marburg, Germany) for the hantavirus-specific IgM assays.

The T7 tag MAb was used at a dilution of 1/10,000. Rabbit and mouse antisera
were endpoint titrated by ELISA by using twofold serial dilutions, and the bound
antibodies were detected by HRP-conjugated anti-rabbit or anti-mouse antibod-
ies (catalog no. P 399 and P 447, respectively; DAKO A/S, Glostrup, Denmark)
at a dilution of 1/2,000. A net absorbance value of >0.15 was considered positive.

IFA. IFA was carried out as described earlier (13). Virus-infected Vero E6
cells were dried and acetone fixed onto spot slides as the antigen source. Human
sera were titrated fourfold from 1/40 to 1/640, applied to the antigen, and then
incubated for 30 min at 37°C. The preparations were then incubated at 37°C for
1 h with fluorescein-labeled rabbit anti-human IgG (catalog no. F 202; DAKO)
diluted 1/40 in Evans blue. The presence of typical fluorescent hantavirus inclu-
sions was the criterion for a positive result by IFA.

WB. One microgram of the purified rNA fusion protein preparations was
separated on an SDS-15% polyacrylamide gel in a mini-PROTEAN II electro-
phoresis cell (Bio-Rad), and the gel was transferred by means of electroblotting
to Immobilon-P membranes (Millipore Corporation, Bedford, Mass.). The filters
were then incubated with patient serum (diluted 1/100 in PBS with 0.1% Tween
20, 5% defatted milk powder, and 20 pg of E. coli antigen extract per ml) by
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FIG. 2. Polyacrylamide gel electrophoresis of affinity-purified HTN, SEO,
DOB, SN, and PUU virus truncated amino-terminal recombinant polyhistidine-
containing fusion proteins produced in E. coli. The numbers correspond to the
molecular weight markers (MW).

using a mini-PROTEAN II multiscreen apparatus (Bio-Rad). Western blotting
(immunoblotting) (WB) was done according to the manufacturer’s instructions
(Amersham International ple, Buckinghamshire, England). HRP-conjugated
goat anti-human IgG (catalog no. A-6029; Sigma) at a dilution of 1/2,000 was
used to detect bound antibodies.

Amino acid sequence comparisons. Comparison of the amino acid sequences
in the expressed hantavirus proteins were done by using the Clustal program in
the Lasergene sequence analysis software package (DNASTAR Inc., Madison,
Wis.) (15).

Statistical analysis. To compare the results of IFA, ELISA, and WB, Kendall’s
concordance coefficient test was used. The Spearman rank correlation test was
used to show the level of correlation of reactivity toward pairs of rNAs of
different hantavirus serotypes. A multivariant analysis of variance test was used
to compare the mean levels of reactivity to the five recombinant hantavirus
antigens in patient sera. A linear discriminant analysis was used to illustrate the
classification power of the sera. The latter statistical methods normally require
distributed data, and since it is obvious from the data in Fig. 4 and 5 that the
distributions are highly skewed, a log transformation of the data was necessary.

RESULTS

Cloning, expression, and purification of hantavirus amino-
terminal Ns encoding open reading frames. Nucleotide se-
quence and control restriction endonuclease digests of the five
hantavirus rNA expression vector constructs identified the ex-
pected sequences and digestion patterns. Gel electrophoresis
on SDS-15% polyacrylamide gels revealed highly purified re-
combinant proteins of the expected sizes for all five serotypes
expressed (Fig. 2). The yield of recombinant proteins per 500
ml of induced E. coli cells ranged from 0.7 to 7 mg for the
different hantavirus rNAs.

Amino acid sequence comparisons of hantavirus N proteins.
The amino acid sequences of the five amino-terminal rNAs
showed a high degree of homology (63.2 to 82.1%) when the
HTN, SEO, and DOB virus sequences were compared (Table
1). There was also considerable similarity between the PUU
and SN virus Ns at the amino acid level in this region (70.9%).
The amino acid sequence homology between HTN, SEO, and
DOB virus Ns and SN and PUU virus Ns was lower (35.9 to
54.7%).

Rabbit and mouse antihantavirus hyperimmune sera. The
polyclonal antisera produced against the cell culture-grown
virus and the recombinant viral proteins were tested for their
activities to the five hantavirus rNAs. Usually, the sera showed
the highest antibody titers to the homologous virus (Table 2).
Higher antibody titers were obtained when animals were im-
munized with recombinant viral proteins than when they were
immunized with cell culture-grown virus (Table 2). The mean
antibody titer of the sera from animals immunized with rN was
four times higher than the sera from the infected animals. The
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TABLE 1. Compilation of amino acid sequence similarity and
divergence of the five rNAs

% amino acid sequence similarity
Amino acid region

and rNA SEOQ virus DOB virus SN virus PUU virus
rNA rNA rNA rNA
aa’s 1 to 117
HTN virus rNA 82.1 65.8 54.7 50.4
SEO virus rNA 63.2 52.1 49.6
DOB virus rNA 41.0 35.9
SN virus rNA 70.9
aa’s 17 to 59
HTN virus rNA 83.7 81.4 44.2 44.2
SEO virus rNA 63.2 46.5 46.5
DOB virus rNA 46.5 46.5
SN virus rNA 74.4

sera could be grouped into two types of antibody responses,
HTN, SEO, and DOB viruses and SN and PUU viruses, when
the antibody titers to the homologous antigen were compared
(Table 2). With some of the sera, a substantial cross-reactivity
was seen between the two groups of viruses, especially with the
rabbit antiserum to PUU virus rN. With these sera the differ-
ence in endpoint titer between the different virus strains was
only fourfold. The mouse sera raised against SN and PUU
virus rNs discriminated best between the hantavirus rNA anti-
gens (Table 2).

HFRS and HPS patient IgG responses to truncated amino-
terminal hantavirus N fusion proteins by IFA, ELISA, and
WB. Sera from patients with acute hantavirus infection from
Sweden (n = 4), the United States (n = 2), and Korea (n = 2)
plus sera from four healthy Swedish blood donors were com-
pared for their reactivities with five hantavirus antigens (HTN,
SEO, DOB, SN, and PUU viruses) by IFA, ELISA, and WB
(Table 3 and Fig. 3). By statistical analysis, the results of the
three assays were in agreement for all five antigens (Kendall’s
concordance coefficient, 0.66 to 0.89; P < 0.001). For serum
samples 4 (Sweden) and 5 (United States), it was evident that
the cross-reactivity between the five hantavirus serotypes was
high in all three assays used.

Hantavirus IgG and IgM antibody responses of HFRS and
HPS patient sera from different regions of the world. Sera
from patients in Scandinavia and Russia reacted strongest in
the PUU virus ELISA, and these sera also displayed a rather
high IgG antibody activity in the SN virus ELISA (Fig. 4a and
b). However, the majority of these sera showed little if any
activity in HTN, SEO, and DOB virus ELISAs. Sera from U.S.
HPS patients gave the strongest reactions with the SN virus
antigen. A substantial cross-reactivity to the PUU virus antigen
was observed with these sera (Fig. 4d), and some of them
reacted equally well with both antigens (data not shown). Sera
of Asian origin reacted nearly equally with the HTN, SEO, and
DOB virus antigens, and all except one serum sample showed
almost no reactivity with either SN or PUU virus rNA antigens
(Fig. 4e). The sera obtained from Slovenia (Balkan region)
could be divided into two groups; one mimicked what was
found for Scandinavian and western Russian sera and the
other reacted like the Asian sera (Fig. 4c and f, respectively).
This division was based on at least twofold higher reactivity to
antigens from one group or the other in individual sera.

Statistical analyses confirmed these observations. By analyz-
ing the results for sera by the Spearman rank signed test, highly
positive correlations in reactivities within the HTN, SEO, and
DOB virus serotype group (r = 0.79 to 0.94; P < 0.0001) and
in the SN and PUU virus serotype group (» = 0.72 t0 0.78; P <
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TABLE 2. Reactivities of polyclonal rabbit and mouse sera to E. coli-produced rNA (aa’s 1to 117)

Reciprocal endpoint titer for the following

recombinant antigen®:

Relative reciprocal endpoint titers for the following
recombinant antigen®:

Antigen Species

HTN virus® SEO virus? DOB virus/ SN virus® PUU virus” HTN virus® SEO virus? DOB virus/ SN virus® PUU virus”

rNA rNA rNA rNA rNA rNA rNA rNA rNA rNA
HTN virus® Rabbit 20,480 20,480 20,480 1,280 1,280 100 100 100 6.25 6.25
SEO virus® Rabbit 40,960 40,960 40,960 5,120 5,120 100 100 100 12.5 12.5
DOB virus” Rabbit 10,240 10,240 20,480 640 1,280 50 50 100 3 6
SN& N Mouse 2,560 5,120 2,560 163,840 40,960 2 3 2 100 25
PUU virus’ Rabbit 1,280 1,280 1,280 5,120 20,480 6 6 6 25 100
PUU" IN Rabbit 20,480 20,480 20,480 81,920 81,920 25 25 25 100 100
PUU" 1N Mouse 640 1,280 1,280 20,480 81,920 1 2 2 25 100
Not immunized Rabbit <40 <40 <40 <40 <40
Not immunized Mouse <40 <40 <40 <40 <40

“ Titers of homologous virus and recombinant antigen are underlined.
® Titers of homologous virus and recombinant antigen are underlined.
¢ Strain 76/118.

4 Strain SR-11.

¢ Strain 80-39.

! Strain 3970.

& Strain CC107.

/ Strain Sotkamo.

/ Strain K27.

0.0001) were found. No correlations of seroreactivity to anti-
gens between the two groups were observed (r = —0.07 to 0.05;
P > 0.1).

Multivariate analysis of variance revealed that the five
means for the log-transformed serum IgG reactivities in the SN
and PUU virus group differed significantly from the mean
values for the HTN, SEO, and DOB virus group (Hotellings 7>
= 2.64; P < 0.001). The result holds true for the mean values
for individual serum samples as well as for the vector for the
five means.

Linear discriminant analyses of all sera except those from
Slovenia revealed a significant discriminating function (Wilks
lambda = 0.27; P < 0.001), with the help of which it was again
possible to classify the sera into two groups (i.e., the HTN,
SEO, and DOB virus group and the SN and PUU virus group)
according to their log-transformed values of reactivity. The
overall success of the classification was 99.4% correctly classi-
fied. All except one serum sample originating in Asia and one
serum sample originating in Europe were correctly classified.

If the sera from Slovenia were included, it was not possible
to arrive at this type of result. The reason for this is probably
the presence of hantavirus serotypes from both groups in that
part of the world. A classification of the Slovenian material
such that sera with more than twofold higher reactivity toward
the SN and PUU virus antigens than to the HTN, SEO, and
DOB virus antigens were classified as belonging to the Euro-
pean and American sera and the remaining sera, all yielding a
reactivity that was twofold higher to the HTN, SEO, and DOB
virus antigens than to the SN and PUU virus antigens, were
classified as belonging to the Asian sera, resulted in a 99.5%
correct classification by the linear discriminant analysis.

Linear discriminant analysis of IgM reactivities of all serum
samples resulted in 99.7% correct classification.

In conclusion, these findings indicate that by using amino-
terminal rNA antigens in ELISA it is possible to group sera
from patients with an acute or retrospectively diagnosed han-
tavirus infection into two groups: those with HTN, SEO, and
DOB virus specificity and those with SN and PUU virus spec-
ificity. All sera that had IgG reactivity to the HTN, SEO, and
DOB virus group had significant reactivity to all three antigens.
A majority of the sera belonging to the SN and PUU virus

group also revealed IgG antibody responses to both SN and
PUU virus rNA antigens. With a few exceptions, hantavirus
infections caused by viruses belonging to the HTN, SEO, and
DOB virus group or the SN and PUU virus group could be
distinguished by using the IgM-specific five rNA hantavirus
protein-based ELISA for sera obtained from patients in the
acute and early convalescent phase of disease (Fig. 5a to f).
Control sera from the 52 healthy Swedish blood donors and the
48 patients with acute viral diseases other than infections
caused by hantaviruses showed little if any activity in either the
IgG or IgM ELISA based on the rNA hantavirus antigens.

DISCUSSION

It has been suggested that the extent of disease caused by
hantaviruses in different regions of the world is only partially
recognized. Among the factors that might contribute to this are
the viral antigens used in the serological methods which have
been used to diagnose hantavirus infections. Such antigens are
produced by replication of live virus in cell culture, which is
potentially hazardous and produces interbatch variations in
antigenicity.

One of the aims of this study has been to develop assays that
will facilitate serological investigations. Earlier, we have shown
that E. coli-produced PUU virus N works well for the detection
of virus-specific antibodies in patients with NE (11, 13). Fur-
thermore, we found that this protein contains an immunodom-
inant antigenic domain in its amino-terminal region (aa’s 7 to
94) and that antibody assays based on this region of rN were
equal in sensitivity to assays based on the full-length rN for the
diagnosis of NE (12). It has also been shown that the antibody
responses to the SN virus rN are mainly directed to epitopes in
the amino terminus of this protein (18). We therefore decided
to subclone the N amino terminus (aa’s 1 to 117) encoding
DNA from the five major pathogenic hantaviruses known to
date, HTN, SEO, DOB, SN, and PUU viruses, into polyhisti-
dine fusion protein expression vectors. The gene products were
then purified, and these proteins were used in ELISAs. In
these assays, the individual hantavirus antigens were coated at
nearly equimolar concentrations by using the 11-aa bacterio-
phage T7 gene 10 peptide present in all fusion proteins.
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FIG. 3. WB detecting IgG reactivity in sera from hantavirus-infected patients
from Sweden (lanes 1 to 4), the United States (lanes 5 and 6), and Korea (lanes
7 and 8) plus sera from four nonimmune blood donors (lanes 9 to 12) to HTN,
SEO, DOB, SN, and PUU virus truncated amino-terminal recombinant polyhis-
tidine-containing N (aa’s 1 to 117 of N) (rNA).

We found that both hantaviruses and hantavirus rNs in-
duced high antibody titers in animals (rabbit and mouse), and
the greatest antibody responses were directed to the homolo-
gous antigens when we used the rNA-based ELISA (Table 2).
The antibody activity could generally be grouped into a HTN,
SEO, and DOB virus and SN and PUU virus type responses.
The rabbit immunized with PUU virus seemed to give a more
group-specific response than the animals immunized with
PUU virus rN. The differences in the resulting antigen speci-
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ficity might be a reflection of differences in the tertiary struc-
ture of the N amino-terminal region. Epitopes that induced a
cross-reactive antibody response may be hidden in the struc-
ture of the native viral N but may be exposed in the denatured
E. coli-expressed rN. Similar differences in the specificities of
the antibody responses to native or recombinant PUU virus
and Tula virus Ns have previously been reported in both bank
voles and mice (28, 31). Furthermore, we also obtained more
specific responses when mice were immunized with either the
SN virus or the PUU virus rN antigen. The difference in spec-
ificity for the PUU virus rN-immunized rabbit versus that for
the PUU virus-immunized mouse was 12- to 25-fold when
measured as the relative cross-reactivities to the HTN, SEO,
and DOB virus rNAs (Table 2). The anti-SN virus rN mouse
serum also showed a high specificity for the homologous anti-
gen. Although these differences in the specificities in the sero-
response of rabbits and mice to rN is intriguing, it is not
possible to draw any general conclusions due to the limited
number of animals tested.

By using sera from humans infected with hantaviruses, the
amino-terminal hantavirus rNAs were assayed by WB for their
usefulness as antigens for the detection of IgG antibodies. We
found that the antibody responses to the antigens were specific,
but substantial cross-reactivity could be seen within the HTN,
SEO, and DOB virus and the SN and PUU virus groups (Fig.
3). The hantavirus-specific response of the sera by WB was
compared to that by ELISA by using the same five hantavirus
rNAs and to the results of IFA, which uses virus-infected cells
as antigen. As expected, these three methods showed a high
degree of correlation (Table 3).

Using the five rNA antigens in an ELISA, we were able to
detect hantavirus-specific IgM and IgG antibody responses in
sera originating from patients with acute or retrospectively
diagnosed hantavirus infections from many regions of the
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FIG. 4. 1gG reactivity in ELISA of sera from patients with an acute or recent hantavirus infection from Scandinavia (Norway, Sweden, and Finland), Russia,
Slovenia, the United States, and Asia to truncated amino-terminal recombinant polyhistidine containing N (aa’s 1 to 117 of N) specific for HTN, SEO, DOB, SN, and
PUU viruses. ELISA values are given as AU. Vertical bars represent the activities of all sera. The boxes include the eight middle percentiles and the median value

(horizontal bar).
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FIG. 5. IgM reactivity by ELISA of sera from patients with an acute or recent hantavirus infection from Scandinavia (Norway, Sweden, and Finland), Russia,
Slovenia, the United States, and Asia to truncated amino-terminal recombinant polyhistidine containing N (aa’s 1 to 117 of N) specific for HTN, SEO, DOB, SN, and
PUU viruses. ELISA values are given as AU. Vertical bars represent the activities of all sera. The boxes include the eight middle percentiles and the median value

(horizontal bar).

world in a rapid, specific, and sensitive manner. By linear
discriminant analyses we confirmed that most Scandinavian,
Russian, and U.S. sera could be classified as reactive to the SN
and PUU virus group and most Asian sera could be classified
as reactive to the HTN, SEO, and DOB virus group. It is
promising that the discrimination can be done by the IgM
isotype, which is the basis for serological diagnosis of acute
hantavirus disease (Fig. 5) (11, 12, 20, 27, 34). An interesting
finding was that both reactivity patterns were encountered in
sera from Slovenia (Balkan region). This is a reflection of the
circulation of HTN-, SEO-, and DOB-like viruses and of PUU-
like viruses in this region (2). Since seroreactivity to either of
the two groups of viruses is clearly different, it is possible to
determine whether reactivity in a single serum sample is due to
a virus from the one group or the other. We found only two
exceptions in our material; one Korean serum sample showed
high levels of IgG reactivity and one U.S. serum sample had
high levels of IgM reactivity to all five hantavirus rNAs (data
not shown). At present, a more accurate virus type-specific
diagnosis can be achieved only by a neutralization test (7, §,
33). A recombinant-expressed SN virus glycoprotein has shown
promise in distinguishing SN virus infections from infections by
other hantaviruses by immunoblotting (18).

A substantial cross-reactivity between the Ns from different
hantavirus serotypes was shown in this study. This could be
explained by the presence of at least three distinct hantavirus
cross-reactive epitopes in this region of the Ns, which have
previously been mapped with MAbs (12, 26, 28, 29). The de-
gree of cross-reactivity to the different strains of virus in dif-
ferent sera can be monitored by the approach described here,
in which a diagnostic method that determines seroreactivity to
nearly equimolar amounts of antigens derived from five differ-
ent hantaviruses was developed. It was shown that the serore-
activities to the closely related HTN, SEO, and DOB virus

group are almost indistinguishable and that a similar pattern
was also observed with the SN and PUU virus group.

We have previously shown that the rN-specific antibody ac-
tivity of both the IgG and the IgM isotypes of sera from
humans with NE is mainly directed to epitopes residing be-
tween aa’s 7 and 94 (12). Our results were compatible with
those which have been shown for SN virus, in which the major
antigenic determinants for the humoral immune response to
rN was found between aa’s 17 and 59 (18). Comparisons of the
amino acid sequence from hantavirus N amino-terminal re-
gions (aa’s 17 to 59) also show a high degree of homology
within the two groups of viruses: 83.7 to 90.7% within the
HTN, SEO, and DOB virus group and 74.4% for SN and PUU
virus N (Table 1). However, amino acid homologies between
the two groups of viruses showed only 44.2 to 46.5% homology.
We believe that this relationship within and between the two
groups of viruses could be the basis of the serological reactivity
pattern that was found in our study.

The one-way cross-reactivity seen for patients infected with
PUU virus to the HTN virus serotype (33, 36, 41) was occa-
sionally found in the sera from patients with NE and HPS in
our study. Seven percent of the serum samples from patients
with NE and HPS revealed an IgG activity of =40 AU net
optical density to the HTN, SEO, and DOB group of viruses.
Sera from patients with high ELISA values to the HTN, SEO,
and DOB virus group showed a lower reactivity to PUU and
SN virus-infected sera; only 2% had IgG values of =40 AU to
the latter group. This phenomenon is further illustrated in
Table 3 and Fig. 3, in which one selected serum sample from a
Swedish patient with HFRS and one serum sample from a U.S.
patient with HPS showed strong cross-reactivity to HTN, SEO,
and DOB virus antigens by IFA, WB, and ELISA. However,
for the majority of the sera tested, the reactivity to one of the
two serotype groups was by far the highest.
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We have shown that the amino-terminal region (aa’s 1 to
117) of rN contains major B-cell epitopes of five different
hantaviruses. A serological assay, ELISA, for use in the diag-
nosis of pathogenic hantavirus was developed by using recom-
binant proteins from the amino-terminal region of the N pro-
tein from five different hantaviruses. The ELISAs based on the
use of these antigens was in good agreement with the results
obtained by WB and IFA. The assay could detect antibody
reactivities in patients with hantavirus infections in various
parts of the world. Furthermore, by measuring activities of
either the IgG or the IgM isotypes, the assay could distinguish
in most patients between infections caused by the HTN, SEO,
and DOB virus serotype group and the PUU and SN virus
serotype group. The five hantavirus rNA-based ELISA is in use
for the detection of antibody responses in patients with han-
tavirus disease and for epidemiological screening of sera from
different geographical regions.
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